Introduction
============

Environmental conditions experienced by free-living organisms, such as nutrient availability, temperature, oxygen, pH, and osmolarity, frequently change. To adapt to the ever-changing environment, bacteria have established an intricate network of regulators to accurately modulate gene expression. Regulation of gene expression in prokaryotes takes place primarily at the transcriptional level, i.e., by the activation or repression of transcription; however, post-transcriptional regulation of gene expression may play a critical role when bacteria must rapidly adjust to the changing environment.

mRNA functions primarily as a carrier of genetic information; however, its sequence, especially the 5′ and 3′untranslated regions (UTRs), contains many features that can modulate gene expression at the post-transcriptional level ([@B38]). During the last few decades, significant progress has been made in the understanding of eukaryotic and prokaryotic 5′UTR-mediated gene regulation ([@B8]; [@B44]; [@B1]; [@B35]; [@B19]). RNA thermometers and riboswitches have been found in 5′UTRs and have been extensively studied in bacteria; these elements regulate gene in both transcriptional and translational levels, as well as mRNA stability ([@B18]; [@B5]; [@B22]; [@B42]; [@B23]). In addition, RNA-binding proteins bind to 5′UTRs to regulate gene expression by modulating the accessibility of ribosome-binding sites (RBSs) on mRNAs ([@B2]; [@B51]).

In eukaryotes, 3′UTRs regulate gene transcription by modulating mRNA decay, translation, or localization, and these processes have been well studied ([@B46]; [@B38]; [@B54]; [@B4]). It was traditionally believed, however, that bacterial 3′UTRs mainly contain transcriptional terminators, which are either Rho-dependent or Rho-independent. Recently, 3′UTRs were found to be involved in post-transcriptional gene regulation in bacteria as well (**Figure [1](#F1){ref-type="fig"}**). 3′UTRs especially long 3′UTRs can be cleaved by ribonuclease to initiate mRNA decay (**Figure [1A](#F1){ref-type="fig"}**).

![Regulatory pathways of 3′UTRs in bacteria. An mRNA usually contains three regions, the 5′UTR, the coding sequence (CDS), and the 3′UTR. **(A)** A 3′UTR is recognized and cleaved by ribonuclease to initiate mRNA decay. **(B)** A 3′UTR-derived sRNA regulates expression of its target gene. **(C)** A 3′UTR functions as the target of regulatory sRNA, resulting in protection of the 3′UTR from degradation or promoting its degradation. **(D)** A 3′ UTR interacts with the 5′ region of its own gene, potentially affecting mRNA stability and translational initiation.](fmicb-08-01276-g001){#F1}

3′UTRs are a rich reservoir of small regulatory RNAs and regulate target gene expression (**Figure [1B](#F1){ref-type="fig"}**). In addition, 3′UTRs are a target of regulatory sRNAs (**Figure [1C](#F1){ref-type="fig"}**). Finally, 3′UTRs interact with 5′UTRs to regulate translation initiation (**Figure [1D](#F1){ref-type="fig"}**). This paper summarizes several papers published in the last several years that suggest that 3′UTRs function as new post-transcriptional regulators. The regulatory mechanisms of 3′UTRs and how these genetic elements facilitate gene regulation in response to the changing environment are discussed.

3′UTRs Undergo Ribonuclease Cleavage
====================================

Regulation of mRNA decay is an important mechanism of post-transcriptional control of gene expression. In bacteria, mRNA decay depends on the rate-determining initial step ([@B25]; [@B24]). Following an initial endonucleolytic cleavage, mRNA fragments are subsequently degraded by exoribonucleases. Ribosomes shield mRNA from degradation by endonucleolytic enzymes ([@B11]). Hence, available (untranslated) mRNA regions are more likely to be attacked by ribonucleases than translated mRNA regions. [@B41] analyzed the positional patterns of transcript degradation in *Escherichia coli* using subgenic-resolution oligonucleotide microarrays; they found that, although 5′UTRs are generally less stable than 3′UTRs, some 3′UTRs were also unstable. This indicated that mRNA decay might be initiated from the 3′UTRs as well ([@B41]). Consistent with these microarray data, 3′UTR-mediated mRNA decay was reported recently ([@B29]; [@B28]; [@B27]; [@B55]).

3′UTRs may be attacked by an endonuclease, initiating mRNA decay. One early example of this was the *C. glutamicum aceA* 3′UTR ([@B29]). The *aceA* gene encodes isocitratelyase, which catalyzes the cleavage of isocitrate to succinate and glyoxylate ([@B16]). The *aceA* 3′UTR is involved in negative regulation of its own gene expression and the expression of *lacZ* fusion ([@B29]). Further analysis showed that the *aceA* 3′UTR contains a single-stranded AU-rich region, which might constitute the cleavage target of RNase E/G ([@B29]). RNase E/G- and 3′UTR-mediated degradation of *aceA* mRNA may enable instantaneous adjustment of cellular metabolism ([@B29]).

The *aceA* 3′UTR contains only 63 nt ([@B29]); however, the subsequently identified 3′UTRs that are involved in mRNA decay are usually longer. The 3′UTR of *hilD* mRNA (encoding a transcriptional regulator of *S. enterica* pathogenicity island 1) contains 310 nt ([@B28]). The presence of the *hilD* 3′UTR reduces the expression of its own gene and the *gfp* reporter gene, indicating that the *hilD* 3′UTR functions as an independent module regulating gene expression ([@B28]). Further analysis showed that the *hilD* 3′UTR is a target during *hilD* mRNA degradation by a degradosome containing RNase E and PNPase ([@B28]).

Another example of mediation of gene expression by a long 3′UTR is the *hmsT* 3′UTR, which contains 283 nt ([@B55]). The *hmsT* gene encodes a diguanylate cyclase that stimulates biofilm formation in *Y. pestis* by synthesizing the secondary messenger c-di-GMP ([@B21]). The *hmsT* 3′UTR negatively modulates *hmsT* mRNA decay, in which PNPase is involved. This 3′UTR strongly represses gene expression at 37°C, but only weakly affects gene expression at 21°C, suggesting that the temperature is a signal that can be sensed by the *hmsT* 3′UTR to regulate its gene expression under changing environmental conditions ([@B55]).

Both *hilD* and *aceA* possess a Rho-independent terminator ([@B29]; [@B28]), while *hmsT* has a Rho-dependent terminator ([@B55]). Recently, it was reported that Rho-dependent termination is required for PNPase-mediated turnover of *slrA* mRNA in *Bacillus subtilis* ([@B27]). Replacement of the Rho-dependent terminator by a Rho-independent terminator in the *slrA* gene eliminated the PNPase-mediated turnover of mRNA, indicating that the *slrA* 3′UTR might also be involved in the regulation of mRNA decay. The 3′UTRs of *hilD* and *aceA*, containing Rho-independent terminators, possess a specific AU-rich regulatory region. The AU-rich region might be recognized and cleaved by endonuclease to initiate mRNA decay ([@B29]; [@B28]). However, the 3′UTRs of *hmsT* and *slrA*, containing Rho-dependent terminators, lack a specific regulatory region, and, in this situation, PNPase is primarily responsible for efficient mRNA turnover from the 3′ ends ([@B27]; [@B55]).

There is a unique advantage to initiating transcript decay from the 3′UTRs rather than the 5′UTRs. Although initiating transcript decay from the 5′UTRs can rapidly inactivate a functional mRNA by removing the RBS, it cannot prevent translation that has already started from producing a full-length protein. Initiating the decay of a transcript from the 3′UTRs can rapidly halt translation by removing nearby encoding sequences. Hence, although 3′UTR-mediated mRNA decay is not an economical method of regulating gene expression, it might allow for a quicker response to the changing environment. Thus, mediation of mRNA turnover via the 3′UTRs might be useful for rapid control of gene expression in bacteria.

3′UTRs Interact with 5′UTRs
===========================

Translational control in eukaryotes is largely conferred by specific *cis*-acting sequences located in the 3′UTRs that serve as binding sites for the associated *trans*-acting factors ([@B44]; [@B30]; [@B54]). By contrast, translational control in bacteria is mainly modulated through the 5′UTRs, which contains the Shine--Dalgarno (SD) sequence ([@B2]; [@B15]; [@B33]; [@B53]). Recently, it was reported that the 3′UTR of *icaR* mRNA can interact with the 5′UTR to affect mRNA stability and translation in *Staphylococcus aureus* ([@B40]). A UCCCCUG motif is located at the 3′UTR of the *icaR* transcript, and is complementary to the SD region in the 5′UTR. On one hand, this interaction provides a double-stranded RNA substrate for RNase III cleavage to promote mRNA decay. On the other hand, it inhibits ribosome binding and hinders the formation of a translational complex, thus repressing the translation. This study illustrates that the bacterial 3′UTRs can interact with the SD region in the 5′UTRs of the same transcript leading to post-transcriptional regulation of gene expression ([@B40]). There are two additional examples for the modulation of bacterial translation by the interaction between 3′UTRs and 5′UTRs. It has been reported that the 3′ end of a full-length *hok* mRNA folds back to pair with its translational region to form a closed structure ([@B48]). The formation of the closed structure renders the translation of the *hok* gene ([@B48]). Another example is RNAIII (514 nt), the most studied regulatory RNA of *S. aureus*, which actually encodes a small peptide and contains a long 3′UTRs (354 nt) ([@B3]; [@B13]). The RNAIII forms several regulatory structures including structures that facilitate interactions between the 5′ end and the 3′ end that regulate the expression of different target genes ([@B34]; [@B13]). Less is known about whether the formation of these structures regulates the translation of its own gene product. It has been reported that deletion of the 3′UTRs abolishes the temporal delay between transcription and translation of RNAIII ([@B3]). The mechanism was not clarified, but it was proposed that the 3′UTRs might interact with the 5′UTRs to inhibit translation ([@B3]).

3′UTRs that Function as sRNA Targets
====================================

It is reported that 3′UTRs might overlap with adjacent transcripts encoded on the opposite DNA strand ([@B39]; [@B26]). These overlapping 3′UTRs may be targeted by neighboring genes (usually encoding sRNAs) via a *cis*-acting antisense RNA mechanism. One example is a pair of toxin-antitoxin modules, TxpA and RatA ([@B43]). RatA, an RNA antitoxin, is a sRNA (222 nt long) that inhibits the accumulation of mRNA of the toxic gene *txpA*. The orientations of *txpA* and *ratA* genes are convergent, and the genes overlap by ca. 75 nt; thus the 3′end of *txpA* mRNA is complementary to the sRNA *ratA*, thereby triggering *txpA* degradation ([@B43]). Another example is the regulation of *gadX* by sRNA GadY. GadX is involved in the regulation of acid resistance in *E. coli* ([@B36]). The sRNA GadY overlaps with the 3′UTR of the *gadX* gene, and this overlap region is necessary for the regulation of *gadX* by *gadY*. Unlike other 3′UTRs, the interaction of the *gadX* 3′UTR with GadY increases the mRNA stability ([@B36]). The above examples illustrate mRNA crosstalk, whereby 3′UTRs act as sRNA targets to influence their own gene expression by positively or negatively modulating mRNA stability.

3′UTRs that Function as sRNA Reservoirs
=======================================

sRNAs are usually associated with the RNA-binding protein Hfq in Gram negative bacteria, which facilities their regulatory function and protects sRNAs from degradation ([@B10]; [@B52]). Recently, 3′ regions of many mRNAs have been co-immunoprecipitated with Hfq, suggesting that the cellular functions of these 3′UTRs are independent of the role of the protein encoded by their parental mRNA, and might indeed function as sRNA reservoirs ([@B6]; [@B17]; [@B50]). CpxQ, an sRNA derived from the 3′ end of *cpxP* mRNA, is an excellent example of a 3′UTR acting as a sRNA reservoir ([@B7]). CpxP, a periplasmic protein, combats envelope stress by tagging misfolded membrane proteins for degradation ([@B9]). The 3′UTR-derived sRNA CpxQ (60-nt-long) is generated during mRNA decay by RNase E and functions as an Hfq-dependent repressor of multiple mRNAs encoding extracytoplasmic proteins in *E. coli* ([@B7]). Thus, CpxQ may analogously reduce synthesis of problematic proteins to combat envelope stress ([@B7]). Another example is the *sodF* 3′UTR-derived sRNA in *Streptomyces coelicolor* ([@B20]). This sRNA (90-nt-long) is derived from the *sodF* 3′UTR and represses the expression of *sodN*, thereby shutting off the synthesis of Ni-SOD during nickel starvation ([@B20]). In addition, a 75 nt sRNA SorX, generated by RNase E cleavage of the 3′UTR of RSs2461 mRNA in *Rhodobacter sphaeroides*, represses the expression of *potA* ([@B37]). PotA is involved in the uptake of spermidine, which affects the sensitivity of *R. sphaeroides* to organic hydroperoxides. Hence, the 3′UTR-derived sRNA SorX can repress the import of spermidine to counteract oxidative stress ([@B37]). Altogether, these examples suggest that 3′UTRs can function as a sRNA reservoir that can post-transcriptionally regulate the expression of physically unlinked genes in response to changing environments ([@B31]). A remaining issue that needs to be addressed is whether the cleavage of mRNA during maturation of 3′UTR derived sRNAs affects the mRNA decay of its own mRNA.

Exploitation of 3′UTR-Mediated Control of Gene Expression
=========================================================

Regulation of mRNA stability is a common mechanism used by bacteria to regulate gene expression. mRNA stability is strongly affected by the initial endonucleolytic cleavage of mRNA ([@B24]). Thus, the addition of a regulatory sequence at the 3′UTRs could be used to artificially control gene expression. A ribozyme is usually composed of a 50--150 nt RNA motif with intrinsic RNA cleavage activity ([@B12]). [@B14] reported that the incorporation of a ligand-dependent ribozyme in the 3′UTR region induces the cleavage of the 3′UTRs in a ligand-dependent manner, which could be employed to control gene expression. In addition, 3′UTRs engineering has been used to improve the soluble expression of heterologous enzymes, and thus can be used to fine-tune enzyme activity in microbial cells ([@B45]). The above studies suggest that 3′UTRs could serve as targets for post-transcriptional regulation of gene expression, a feature that could be exploited by biotechnology, synthetic biology, and metabolic engineering.

Conclusion and Perspectives
===========================

It was traditionally believed that bacterial 3′UTRs mainly contain a transcriptional terminator. Recently, long 3′UTRs (\>100 nt) were identified by transcriptomic analysis in many bacterial transcripts ([@B39]; [@B49]; [@B47]; [@B40]). Since ca.40--50 nt is a sufficient length for a transcriptional terminator ([@B40]), additional regulatory elements are predicted to exist in these long 3′UTRs. Consistent with this hypothesis, 3′UTRs were found to regulate mRNA decay and translation and to act as sRNA targets or reservoirs for adaptation to various environmental changes, such as changes in temperature, pH, and nutrition availability ([@B36]; [@B20]; [@B37]; [@B7]; [@B55]). Although these 3′UTRs employ different mechanisms to regulate their own gene expression or targeted gene expression, one common feature is the regulation of gene transcription in a post-transcriptional manner.

A number of functional 3′UTRs have been identified. However, it is very likely that many more 3′UTRs function as post-transcriptional regulators, given that long 3′UTRs are widely present in bacteria. Furthermore, additional mechanisms of 3′UTR-regulated gene expression are expected to be identified; for example, RNA-binding proteins might bind to 3′UTRs to regulate gene expression. A group of mRNA termed 'cutoRNAs', which have long 3′UTRs that overlap with a downstream, convergently transcribed gene, has recently been reported ([@B32]). The regulatory function of these cutoRNAs remains unclear. Identification of new functional 3′UTRs and their regulatory mechanisms will lead to a better understanding of how bacteria use 3′UTRs as post-transcriptional regulators to respond to changes in the environment, and how such 3′UTRs regulation interacts with other transcriptional or post-transcriptional regulators. This knowledge will provide insights for new or improved biotechnological applications. Further, since many 3′UTRs play an important role in the regulation of virulence gene expression, interfering with the roles of these 3′UTRs might comprise an interesting alternative strategy for controlling bacterial pathogens.
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